Multistable antiferroelectric liquid-crystal optical modulator
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Antiferroelectric liquid crystals 1 ͑AFLCs͒ have been a subject of intensive investigations since their discovery 2 in 1988. Significant basic research has been done 3 towards understanding their structure, thresholdless switching phenomena, 4 and the existence of antiferroelectricity in achiral substances. 5 Owing to their unique properties, they are considered as prime candidates for technological applications in electro-optical and other devices. A number of AFLC materials have been developed for such use and prototype AFLC displays have also been built. 6, 7 In addition to pure AFLC devices, results of the development work done on polymer dispersed 8 and polymer stabilized 9 AFLC devices have also been reported.
In AFLCs, an antiferroelectric ordering 1 of molecules exists in the absence of an external electric field. The antiferroelectric structure is deformed when applied external electric field is low. In a strong field, a transition to the ferroelectric liquid crystal ͑FLC͒ phase occurs. In both cases, the system relaxes back to the equilibrium antiferroelectric state when the external field is removed. Thus, in an AFLC device, the electric field has to be maintained for as long as the information needs to be displayed. 6 In this letter, we report a unique AFLC device prepared by anisotropic phase separation of a solution of an AFLC and a prepolymer, resulting in the formation of parallel films of the polymer and the AFLC. These phase separated composite organic films ͑PSCOF͒ of AFLCs exhibit a very different electro-optical behavior than the devices prepared by other methods. For example, the switching can occur without propagating waves. 10, 11 Furthermore, they are multistable as they retain the level of optical transmission for several hours after the switching pulse has been turned off.
We used two AFLC materials in this study: Chisso CS4000 ͓phase sequence: crystal-10°C Sm-C A * 80°C Sm-C 82°C Sm-A 100°C I͔ and MHPOBC ͓Sm-C A * phase between 64 and 116°C͔. Here, the Sm-C A * is the antiferroelectric smectic-C phase; Sm-A and Sm-C* denote the smectic-A and the ferroelectric smectic-C phases, respectively. To build a PSCOF device, solutions were prepared with 60 wt. % of the photocurable prepolymer NOA65 ͑Nor-land Products, Inc.͒ and 40 wt. % of the liquid crystal. One of the indium-tin-oxide ͑ITO͒ covered glass substrates was spin coated with a 0.6 wt. % poly-͑vinyl alcohol͒ ͑PVA͒ solution in water. The PVA film was rubbed after drying. The substrates were assembled into a 2-m-thick cell. The cells were filled with the AFLCϩprepolymer solution at a temperature corresponding to the isotropic phase of the AFLC, i.e., at 105°C for CS4000 and 155°C for MHPOBC. The phase separation of the solution was induced by a 5 min exposure to ultraviolet ͑UV͒ light from a high pressure mercury lamp reflected from a UV mirror. The lamp was operated at 200 W of electrical power. The substrate with the alignment layer was kept farther from the UV source. Optical performance of the resulting cells was studied at 25 and 75°C for CS4000 and MHPOBC, respectively. In general, parameters such as the phase separation temperature, AFLC concentration, cell thickness, UV power, and exposure time affect the formation of PSCOF.
As reported elsewhere, 12,13 these AFLC-PSCOF structures consist of a continuous solidified polymer layer attached to the substrate toward the UV source. The AFLC expelled from the polymer is confined between the polymer layer and the substrate with the alignment layer. The polymer occasionally touches the opposite substrate. By changing the phase separation parameters, it is possible to form either a uniform film or surface droplets for the same AFLC. Optical texture of a cell prepared with CS4000 is shown in Fig. 1͑a͒ . This LC material forms a 0.8-m-thick flat film with chevron smectic structure. 14, 15 In the case of MHPOBC, the LC is confined inside droplets at the surface of the substrate with alignment layer. This texture is shown in Fig.  1͑b͒ . Black dots scattered throughout the texture appear at the locations where the polymer touches the substrate with the alignment layer. At these sites, the polymer clearly binds the two substrates and improves the cell's mechanical rigidity. It is a very important advantage of the PSCOF technology because external mechanical stresses, which are known to cause havoc in FLC devices, are unable to change the liquid crystal alignment and create textural defects. 16 to a slight modification of the antiferroelectric order and deformation of the smectic helix. In CS4000-PSCOF, no propagating waves are observed even at the switching angles corresponding to the AFLC-FLC transition in the pure liquid crystal. This suggests the existence of strong deformation of the antiferroelectric order and a cooperative molecular reorientation in these cells. At intermediate fields applied to CS4000-PSCOF, the contribution of the fast modes to the switching angle is small. Thus, the slowest response appears to be entirely due to a strong deformation of the antiferroelectric order. In MHPOBC-PSCOF, the propagating waves were clearly seen in response to the applied voltage, indicating that the system was undergoing a transition from AFLC to FLC structure. The zig-zag defects remained unchanged in both cells when the field was applied.
Another difference between these cells was observed when the switching voltage was removed. CS4000 relaxed back to the original optical state after the switching pulse ͑of either polarity͒ had passed. But more MHPOBC cell exhibited a field polarity dependent residual state as shown in Fig.  2 . The transmission level in the residual state after a positive pulse was the same for all its amplitudes and widths. However, the residual state to which the transmission returned after a negative pulse depended on the amplitude and width of the pulse.
To analyze the memory properties of MHPOBC-PSCOF, we have measured ͑Fig. 3͒ the pulse amplitude dependence of the angle between the extinction positions of the AFLC director during the positive and negative pulses. As can be seen from Fig. 3 , the saturation value of the switching angle is comparable to that observed at the AFLC-FLC transition in pure AFLCs and it can be obtained with pulses of 50 s duration at sufficiently high amplitudes. Figure 4 shows the measured angle between the two extinction positions at zero field after the application of pulses of opposite polarity. From this one may conclude that, although the faster switching modes contribute to strong deformation of the antiferroelectric order ͑Fig. 3͒ the memory effect originates from the slowest switching mode ͑Fig. 4͒. In MHPOBC-PSCOF, the propagating waves 10, 11 are associated with the slowest mode. This leads us to believe that the field induced stripe defects 10 must be responsible for the memory effect. It is in agreement with CS4000-PSCOF behavior where the cooperative switching results in a monostable response.
A qualitative model to account for the observed switching behavior in these PSCOF devices is proposed as follows. When illuminated with UV light, a liquid crystal in the mixture with a prepolymer absorbs the UV strongly and creates   FIG. 1 . ͑a͒ CS4000-PSCOF texture at 25°C after the phase separation at 105°C. The zig-zag defects confirm a continuity of the CS4000 film. ͑b͒ MHPOBC-PSCOF texture of surface droplets at 75°C after the phase separation at 155°C. ϫ100 magnification. an intensity gradient along the cell normal. Consequently, the prepolymer near the UV source polymerizes first and forces the AFLC to migrate towards the second substrate, where it forms a continuous film or surface droplets with small amount of the polymer dissolved 17 in the separated AFLC. On cooling, the AFLC material first enters its Sm-C* phase. In the Sm-C* phase, the director can have two stable distributions 18 with respect to the cell normal reflecting bistability 19 of the phase. The polymer dissolved in the liquid crystal adjusts 13 itself to one of the distributions that becomes favored in the absence of the field. This creates asymmetry in the Sm-C A * phase. In the case of MHPOBC-PSCOF, the antiferroelectric order is deformed elastically by one field polarity whereas the other ͑negative in Fig. 2͒ induces propagating waves. When the pulses have passed and the field goes back to zero, the elastically deformed antiferroelectric order always relaxes back to the same state. Stripe defects induced by the propagating waves are retained. Their stability ͑or retention͒ may be due to a weakening of antiferroelectric interactions by polymer residing in between the smectic layers 20 and/or by pinning of the defects at the AFLC/polymer interfaces. Surface droplets morphology must be responsible for the existence of the propagating waves and the appearance of the defects as they were not observed in a continuous AFLC-PSCOF film. Different optical transmissions of the memory levels at zero field are created by different density of the stripe defects. Their number depends on the pulse amplitude and duration as do propagating waves. Thus, the optical transmission levels are due to spatially averaged textural nonuniformities with a characteristic size of 10 m.
In conclusion, a strong deformation of the antiferroelectric order by cooperative molecular switching exists in mixtures of AFLC and a polymer with the switching angles comparable to those at the AFLC-FLC transition. On the other hand, when switching occurs via propagating waves, the corresponding stripe defects can be retained in the texture resulting in antiferroelectric memory.
